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Abstract
Skin is the largest body organ forming a metabolically active barrier between external and internal
environments. The metabolic barrier is composed of cytochromes P450 (CYPs) that regulate its
homeostasis through activation or inactivation of biologically relevant molecules. In this review
we focus our attention on local steroidogenic and secosteroidogenic systems in relation to skin
cancer, e.g., prevention, attenuation of tumor progression and therapy. The local steroidogenic
system is composed of locally expressed CYPs involved in local production of androgens,
estrogens, gluco- and mineralo-corticosteroids from cholesterol (initiated by CYP11A1) or from
steroid precursors delivered to the skin, and of their metabolism and/or inactivation. Cutaneous 7-
hydroxylases (CYP7A1, CYP7B1 and CYP39) potentially can produce 7-hydroxy/oxy-steroids/
sterols with modifying effects on local tumorigenesis. CYP11A1 also transforms 7-
dehydrocholesterol (7DHC)→22(OH)7DHC→20,22(OH)2-7DHC→7-dehydropregnenolone,
which can be further metabolized to other 5,7-steroidal dienes. These 5,7-dienal intermediates are
converted by ultraviolet radiation B (UVB) into secosteroids which show pro-differentiation and
anti-cancer properties. Finally, the skin is the site of activation of vitamin D3 through two
alternative pathways. The classical one involves sequential hydroxylation at positions 25 and 1 to
produce active 1,25(OH)2D3, which is further inactivated through hydroxylation at C24. The
novel pathway is initiated by CYP11A1 with predominant production of 20(OH)D3 which is
further metabolized to biologically active but non-calcemic D3-hydroxyderivatives. Classical and
non-classical (novel) vitamin D analogs show pro-differentiation, anti-proliferative and anticancer
properties. In addition, melatonin is metabolized by local CYPs. In conclusion cutaneously
expressed CYPs have significant effects on skin physiology and pathology trough regulation of its
chemical milieu.
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1. SKIN AS AN ENVIRONMENTALLY REGULATED ORGAN - IMPLICATIONS
FOR CANCER: AN OVERVIEW

Skin, consisting of epidermal, dermal and subcutaneous layers, is the most important barrier
between the environment and internal milieu. All layers fulfill distinct functions in order to
protect the organism. Of those layers, the epidermis is mostly affected by external stimuli of
different kinds. The proliferating keratinocytes form several layers that ultimately form a
permeability barrier made of cross-linked proteins (cornified cell envelope) and lipids
(cornified lipid envelope) [1]. Keratohyaline granules and lamellar bodies are early
morphological expressions of protein and lipid complexes, respectively. Differentiating
keratinocytes express different intermediate filaments (cytokeratins) and accessory proteins
(involucrin, loricrin, cystatin, envoplakin, periplakin, fillagrin and others) in progressing
layers to build the epidermal barrier. Cross-linking enzymes, most importantly
transglutaminase 1 form lysine isopeptide bonds between proteins of the cornified cells’
envelope. Terminal differentiation is affected by the calcium gradient, Notch signaling and
p63 [2–4]. Lamellar bodies contain various lipids (e.g phospholipids), enzymes (e.g. beta
glucocerebrosidase, cathepsin), enzyme inhibitors (e.g. elafin) and antimicrobial peptides
(e.g. beta-defensins). Ultimately, the lipid envelope is made of cholesterol, ceramides and
free fatty acids present between protein blocks [4–6]. Keratinocytes though do not simply
provide the structural scaffolding, but also actively produce several substances (cytokines,
neurotransmitters, hormones) [7–10]. In addition to traditionally recognized external stimuli
such as pressure, pain, temperature and UV light (melanocytes, keratinocytes), skin is
recently recognized to respond to xenobiotics. Melanin, produced by neural crest derived
melanocytes, serves as a scavenger of xenobiotics, reactive oxygen species and certainly
light of a broad spectrum [11, 12]. Of note, xenobiotics are also processed by cytochrome
P450 enzymes that are thus present not only in the liver, as commonly known, but also in
other cells of the body, including keratinocytes [13, 14].

Most common skin neoplasms are derived from keratinocytes and are known as basal and
squamous cell carcinoma (Fig. (1)). The etiologic factors for squamous cell carcinoma are
multiple with UV light being recognized as the most important one. The chemical agents
such as petroleum oils, coal tar, soot and arsenic are also causative. Response to physical
injuries in the form of chronic scarring and chronic inflammation play a role the
development of squamous cell carcinomas. P53 mutations have a major role in the
development of both basal and squamous cell carcinomas. Squamous cell carcinomas are
characterized by aneuploidy and deletions of several chromosomes including 3p, 9q, 9p,
13q, 17p and 17q [2]. PATCH has a role primarily in the development of basal cell
carcinomas. The skin neoplasm derived from melanocytes is known as melanoma (Fig. (2)).
Again, UV light (in particular UVB) is recognized as the most prominent etiologic agent,
while P16, BRAF and NRAS are the main genes involved in its formation [15–19]. There are
multiple types of vascular and pseudovascular lesions (Fig. (3)) including lobular capillary
hemangiomas (Fig. (3A)), angiokeratomas (Fig. (3B)) and hemorrhagic dermatofibromas
(Fig. (3C)). Estrogen receptors have been detected in some types of hemangioma and a role
for steroid hormones in their development has been proposed [20]. Juvenile hemangiomas
are characterized by rapid development and involution [2]. Female hormones, in particular
estradiol, have been proposed to be associated with their development [21, 22]. These
hormones might affect expression of angiopoietin-2, jagged-1, notch-4, neuropilin-2,
plexindomain containing receptor 1 and ephrin receptor B3 that are overexpressed in the
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proliferating phase of growth of juvenile hemangiomas [23]. Malignant neoplasms derived
from vasculature are known as angiosarcomas. They develop usually either in the setting of
chronic sun damage or immunosuppression. An example of the latter is Kaposi’s sarcoma
(Fig. (3D)), which is linked to HHV-8 infection [24]. Dermis is composed of type I collagen
fibers, elastic tissue and various cells with fibroblasts being most prominent. There are many
types of soft tissue neoplasms including soft tissue tumor, fibrosarcoma (Fig. (4)) and
dermatofibrosarcoma protuberans. Dermatofibrosarcomaprotuberans has been linked to
local trauma and immunosuppresion. It is characterized by translocation t(17;22) and
supernumerary ring chromosomes containing sequences from chromosomes 17 and 22 [25,
26].

2. ROLE OF CYTOCHROMES P450 IN PROTECTION AGAINST
CARCINOGENS AND OXIDATIVE STRESS

Skin is exposed, both acutely and chronically, to a variety of physical-chemical factors
including ultraviolet radiation (UVR), topically applied drugs and cosmetics, as well as
environmental pollutants such as industrial chemicals and pesticides. The xenobiotics
undergo degradation or activation processes in skin which may result in skin sensitization or
even carcinogenesis. The CYPs (cytochromes P450) are the most important among the
xenobiotic-metabolizing enzymes in the skin. In general, CYP-mediated reactions are
beneficial in that they help the skin cells to eliminate hazardous foreign compounds. In
many instances, however, these reactions could produce more harmful products than the
parent compounds. UVR - mediated induction of CYP in skin may result in enhanced
metabolic activation of xenobiotics to which humans are exposed, making the skin more
susceptible to UVR or xenobiotic-induced skin cancers as well as allergic and irritant
contact dermatitis.

Several studies demonstrate the expression in skin cells of various CYPs responsible for the
metabolism of a large number of xenobiotics [13, 27, 28]. By different techniques (RT-PCR,
immunoblot, immunohistochemistry, catalytic activity) constitutive expression of CYP1A1,
CYP1B1, CYP2B6, CYP2E1, and CYP3A5 is detected in human keratinocytes [27]. It was
found that a novel dioxin-inducible cytochrome P450, CYP2S1, is also expressed in skin
[28]. According to immunocytochemical analyses, CYP1A1, CYP2B6, CYP2E1, and
CYP3A, are expressed predominantly in keratinocytes as compared to fibroblasts [27].

The constitutive levels of some CYP enzymes in skin are too low to be measured without
exposure to exogenous inducers. The expression of CYP1A, CYP2B, CYP2E, and CYP3A
was enhanced at the mRNA level after induction with dexamethasone, a widely used topical
agent in dermatologic practice [27, 29]. The exposure to polycyclic aromatic hydrocarbons,
β-naphthoflavone, and glucocorticoid resulted in CYP1A1 induction in human and rodent
skin, as well as human hair follicles [30–33]. Cutaneous expression of CYP2S1 was induced
by ultraviolet radiation, coal tar, and all-trans retinoic acid [28].

The regulation of cutaneous CYPs content and activity apparently plays a critical role in
cancerogenesis because several xenobiotics that induce skin CYPs are also initiators of skin
tumors. CYP1A1 and CYP1B1 participate in the activation of polycyclic aromatic
hydrocarbons to epoxide intermediates, which are converted with the aid of epoxide
hydrolase to the ultimate carcinogens, diol-epoxides. CYP2E1 plays a major role in the
bioactivation of a number of procarcinogens, including nitrosamines [34], benzene, vinyl
chloride, trichloroethylene, and acrylonitrile [35].
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UVR is an additional factor for regulation of expression of cutaneous CYPs. UVR exposure
to solar-ultraviolet-protected human skin resulted in an UVB dose- and time-dependent
induction in the epidermis of CYP1A1 and CYP1B1 both at mRNA and protein levels [36].

Combined action of UVR and xenobiotics can profoundly alter the activity and the
inducibility of cutaneous CYPs. Exposure of the neonatal rats to UVB and topical
application of crude coal tar separately caused a dose-dependent increase in aryl
hydrocarbon hydroxylase, 7-ethoxyresorufin O-deethylase and 7-ethoxycoumarin O-
deethylase activities in the skin. The treatment of animals with coal tar followed by UVB
exposure resulted in additive effects on cytochrome P450-dependent activities in the skin
[37].

Extensive and chronic exposure of the skin to UVR, associated with abundant ROS/RNS
generation, leads to peroxidation of fatty acids with formation of corresponding
hydroperoxides. The latter could be used by some cutaneous CYPs as co-substrates in the
oxidation of polycyclic aromatic hydrocarbons. CYP2S1 is involved in fatty acid peroxide-
dependent oxidation of benzo[a]pyrene-trans-7,8-dihydrodiol into the highly mutagenic and
carcinogenic benzo [a]pyrene-r-7,t,t-8-dihydrodiol-t-9,10-epoxide [38]. Epoxidation
probably proceeds by a free radical mechanism via peroxidative and peroxygenative
reactions [39]. In addition CYP2S1 can oxidize several substrates using cumenehy
droperoxide and hydrogen peroxide. CYP1A1, CYP1A2, CYP1B1, and CYP3A4 are also
able to efficiently epoxidize benzo[a]pyrene-trans-7,8-dihydrodiol using various fatty acid
hydroperoxides although at slower rates than CYP2S1 [38]. Thus, CYP2S1 and other CYPs
to a less degree could contribute to the metabolism of carcinogens that come in contact with
the skin via an NADPH independent activity.

CYP activity itself contributes to intracellular reactive oxygen species (ROS) generation and
lipid peroxidation. The NADPH-dependent reduction of O2 to superoxide anion radical in
the presence and absence of substrate is well known for cytochrome P450 [40, 41]. The
superoxide anion radical can spontaneously dismutate and generate hydrogen peroxide, and,
if transition metals are present, hydroxyl radicals will be generated. The high propensity to
generate ROS is a general phenomenon for xenobiotics metabolizing CYPs: CYP2E1,
CYP2B1, CYP1A1, CYP1A2 and CYP3A [42, 43]. It has been shown that hydroxyl radical
generation by constitutive CYPs contributes only to a minor degree to total hydroxyl radical
generation in vivo [44]. At the same time, induction of CYPs by several xenobiotics is
associated with intensified production of hydroxyl radicals [44]. Phenobarbital, which is a
tumor promoter and a typical inducer of CYP2B1 and CYP3A2, induces production of
hydroxyl radicals as well as 8-hydroxy-2′-deoxyguanosine, a biomarker of DNA oxidation
[45]. Moreover the carcinogenic action of 2,3,7,8-tetrachlorodibenzo-p-dioxin, a carcinogen
showing a lack of direct genotoxicity, has been suggested to be the result of enhanced ROS
generation due to the induction of CYP1A1/2 [46–48]. Thus, in many instances CYP-
mediated metabolic pathways of xenobiotic metabolism lead to the formation of free
radicals that cause oxidative DNA damage and cutaneous CYPs may facilitate
carcinogenesis by two distinct mechanisms, namely, by oxidative activation of xenobiotics
and by ROS generation.

The function of cutaneous xenobiotics-metabolizing CYPs is not confined to metabolism of
exogenous chemicals. They have also a crucial role in biosynthesis and catabolism of a
variety of endogenous substances in the skin. For example, they could participate in
controlling cutaneous steady-state concentrations of melatonin, a neurohormone involved in
biochemical regulation of the circadian rhythms and other biological functions throughout
the body [49]. Metabolism of melatonin to 6-hydroxymelatonin is mediated by CYP1A1
[50, 51] and CYP1B1 [52]. It has also been shown that in rats melatonin undergoes CYP1A,
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CYP2E, and CYP3A-mediated reactions of O-demethylation and hydroxylation at two
different positions: 2 and 6 [53]. The existence of cross-linking enzymes creates a strong
basis for reciprocal regulation of biological effects caused by melatonin and xenobiotics.
Cutaneous metabolism of endogenous or exogenous melatonin may modulate skin
cancerogenesis via regulation of the catalytic activity of CYPs, which activate
procarcinogens. Administration of melatonin to rodents decreases the incidence of
tumorigenesis initiated by benzo[a]pyrene or 7,12-dimethylbenz[a]anthracene, which
requires metabolic activation by CYP1A1, CYP1A2 and CYP1B1, to convert
procarcinogens to carcinogenic metabolites [54, 55]. Melatonin can directly inhibit 7-
ethoxyresorufin O-dealkylation activity of CYP1A1, CYP1A2 and CYP1B1, as determined
with recombinant proteins, and does not affect basal or benzo[a]pyrene-inducible CYP1A1
or CYP1B1 gene expression in human mammary epithelial cells [54]. Thus, the mechanism
of the chemopreventive effect of melatonin in relation to benzo[a]pyrene is most likely a
direct inhibition of the CYPs. Interestingly, melatonin acts as a mixed inhibitor of CYP1A1,
CYP1A2 and CYP1B1. Thus it is capable of binding to both the free enzyme and to the
enzyme-substrate complex thereby preventing procarcinogen activation regardless of
whether the xenobiotic is bound to the enzyme.

Melatonin and its metabolites, that are formed in enzymatic or non-enzymatic oxidation
reactions, may also prevent skin cancerogenesis acting as a strong radical scavenger directed
especially against hydroxyl radicals, which are thought to be the most damaging effectors
produced during UVR or xenobiotics metabolism [49, 56–59].

3. STEROIDOGENESIS AND ITS RELATIONSHIP WITH THE SKIN
A. Steroid Synthesis in Humans

The first enzymatic step in steroid synthesis occurs in the mitochondrion and is catalyzed by
CYP11A1, also known as cytochrome P450scc. This enzyme catalyzes three oxidative
reactions on the side chain of cholesterol resulting in cleavage occurring between C20 and
C22, producing pregnenolone and isocaproic aldehyde [60]. The reaction occurs by initial
hydroxylation at C22, subsequent repositioning of the side chain in the active site resulting
in a second hydroxylation at C20, then oxidative cleavage of the C20–C22 bond [61], as
illustrated in Fig. (5). Electrons for these reactions, required for the activation of oxygen
bound to the heme group of the CYP11A1, are provided by NADPH via a short electron
transport chain comprising adrenodoxin reductase and adrenodoxin [60, 62]. Once produced,
pregnenolone can leave the mitochondria and be converted to the various steroid hormones
by cell and gland specific pathways, described later. The products of these pathways reflect
the particular combination of steroidogenic enzymes expressed in the specific cell type or
tissue.

In three of the most active steroidogenic tissues, the adrenal cortex, corpus luteum and testis,
steroid synthesis is acutely regulated by the action of the Steroidogenic Acute Regulatory
(StAR) protein which controls cholesterol transport to the inner mitochondrial membrane
site of CYP11A1 action [63–66]. Thus CYP11A1 activity is substrate limited and increased
rates of cholesterol transport cause a corresponding increase in the rate of pregnenolone
synthesis. For this acute regulation, the activity of the StAR protein is increased by both
phosphorylation and increased synthesis, in response to ACTH (or angiotensin II for the
zonaglomerulosa) binding to its receptor in the case of the adrenal gland, and LH binding to
its receptor in the case of the gonads, and is mediated via cAMP [63].

Subsequent metabolism of pregnenolone to the various steroid hormones occurs by cell- and
tissue-specific pathways involving a combination of CYPs and steroid dehydrogenases. Two
of these CYPs, CYP11B1 and CYP11B2 are located in the inner mitochondrial membrane
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and use adrenodoxin reductase and adrenodoxin as electron transport partners, as for
CYP11A1. The other steroidogenic CYPs, CYP17A1, CYP19A1 and CYP21A2 are located
in the endoplasmic reticulum and use cytochrome P450 reductase as their redox partner [64].
Long term regulation of steroid synthesis by the tropic hormones ACTH and LH is achieved
by stimulation of the transcription of genes encoding these steroidogenic enzymes,
especially CYP11A1 [64].

There are different pathways and hence different steroid hormone products in the three
zones of the adrenal cortex. Aldosterone is produced in the zona glomerulosa where
pregnenolone is converted to progesterone by 3β-hydroxysteroid dehydrogenase (3β-HSD),
progesterone is converted to 11-deoxycorticosterone by 21-hydroxylase (CYP21A2), 11-
deoxycorticosterone is converted to corticosterone by the 11β-hydroxylase activity of
aldosterone synthase (CYP11B2) and corticosterone is converted to aldosterone also by
aldosterone synthase [64]. The zona fasciculata produces primarily cortisol. The
pregnenolone is converted to progesterone by 3β-HSD, progesterone is converted to 17α-
hydroxyprogesterone by the 17α-hydroxylase activity of CYP17A1, 17α-
hydroxyprogesterone is converted to deoxycortisol by CYP21A2 and deoxycortisol is
converted into cortisol by CYP11B1 [64].

The zona reticularis produces large amounts of the inactive C19ar androgen,
dehydroepiandrosterone (DHEA), much of which is sulfated [67]. It should be noted that
CYP17A1 possesses both 17α-hydroxylase activity and C17-C20 lyase activity. Human
CYP17A1 displays high lyase activity towards 17α-hydroxypregnenolone but very low
lyase activity towards 17α-hydroxyprogesterone. The reticularis zone is relatively deficient
in 3β-HSD activity so there is little conversion of pregnenolone to progesterone or of 17α-
hydroxypregnenolone to 17α-hydroxyprogesterone. Thus CYP17A1 is able to exert its lyase
activity on the abundant 17α-hydroxypregnenolone, producing the DHEA. The lyase
activity of CYP17A1 is also enhanced by the binding of cytochrome b5, which is highly
expressed in the zona reticularis [64, 67].

The corpus luteum produces large amounts of progesterone and also some estradiol.
Progesterone is formed by the action of 3β-HSD on pregnenolone. 3β-HSD displays both
dehydrogenase and isomerase activity with the dehydrogenase converting the 3β-hydroxyl
group of pregnenolone to a ketone group accompanied by the reduction of NAD to NADH,
and the isomerase shifting the double bond from C5-C6 to the C4-C5 position to produce
progesterone [64]. Some pregnenolone is acted on by CYP17A1 which displays both 17α-
hydroxylase and C17-20 lyase activities in the gonads producing DHEA, which is converted
to androstendione by 3β-HSD. The androstendione is converted to testosterone by 17α-
hydroxysteroid dehydrogenase, with most of the testosterone being converted to estradiol by
the aromatase enzyme, CYP19A1 [66]. The Leydig cells of the testis are the site of
testosterone synthesis in the male, via a pathway similar to that described for the corpus
luteum, largely terminating at testosterone since there is only low expression of CYP19A1
[64, 66]. In the ovarian follicle, pathways for androgen and estrogen synthesis are separated
but complementary. The granulosa cells produce pregnenolone form cholesterol by the
action of CYP11A1. The granulosa cells lack CYP17A1 and the pregnenolone produced by
the granulosa cells diffuses into the thecal cells where CYP17A1 is expressed and is
converted to androgens, primarily androstendione. The thecal cells do not express CYP19A1
and hence the androgens must diffuse back into the granulosa cells for aromatisation to
estrone and estradiol by CYP19A1 [64].

The human placenta produces large amounts of both progesterone and the three estrogens,
estrone, estradiol and estriol. Progesterone is produced by the actions of CYP11A1
producing pregnenolone from cholesterol and 3β-HSD converting the pregnenolone into
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progesterone [60]. The human placenta does not express CYP17A1 and hence cannot make
the androgen precursors of the estrogens from pregnenolone. Large amounts of DHEA
sulfate are produced by the fetal adrenal [67] and this is taken up by the placenta for
conversion to estrogens, primarily estradiol, by the actions of 3β-HSD converting the DHEA
to androstendione, 17β-hydroxysteroid dehydrogenase converting this to testosterone and
CYP19 carrying out the final conversion to estradiol. Some of the DHEA is hydroxylated in
the 16α-position in the fetal liver by CYP3A7 before reaching the placenta and the resulting
16α-hydroxy-DHEA is converted to estriol by an analogous pathway [64]. An important
difference between the placenta compared to the adrenal cortex, corpus luteum and testis is
that the human placenta does not express the StAR protein and does not display acute
regulation. Rather it appears that the placenta expresses MLN64, a protein related to StAR,
which transports the cholesterol to the CYP11A1 in the inner mitochondrial membrane in a
process that does not limit CYP11A1 activity [60, 63]. Current evidence indicates that the
concentration of the electron transport protein, adrenodoxin reductase, limits progesterone
synthesis in the placenta [60].

A number of other tissues express CYP11A1 and therefore can be considered to be
steroidogenic tissues making a range of steroid hormones. These steroids are most likely
involved in regulation at the autocrine or paracrine levels. Although such data is limited for
the human brain [68], it is likely to produce neurosteroids from cholesterol as it has been
well detailed in the rodent brain. Steroids produced include pregnenolone, pregnenolone
sulfate, DHEA sulfate, progesterone and 3β and 5α reduced derivatives of progesterone [64].
The human gut expresses CYP11A1, CYP17A1 and CYP11B1, and can produce cortisol
[69, 70]. Lymphocytes have also been reported to produce glucocorticoids. CYP11A1 is
expressed in heart and there is some evidence for the production of aldosterone under
particular conditions [69]. Bone expresses CYP11A1, but the predominant form has an N-
terminal truncation that is only 30 kDa in size and has a non-mitochondrial localization, and
is therefore unlikely to be catalytically active [71]. The skin also expresses CYP11A1
including its alternatively spliced isoform producing a shorter transcript, and a number of
other steroidogenic enzymes [72, 73], to be discussed later.

Cholesterol is considered as the starting molecule for steroid synthesis. However, it is
apparent that CYP11A1 can act on a range of cholesterol-like molecules. A small
component of the cholesterol in cells is sulfated and CYP11A1 can carry out side chain
cleavage of this producing pregnenolone sulfate, although the Km for the reaction is higher
than that observed for cholesterol [74]. CYP11A1 can also cleave the side chain of short
chain fatty acid esters of cholesterol, although with low efficiency [74]. The plant sterols β-
sitosterol and campesterol which differ from cholesterol in their side chain can efficiently
undergo the side-chain cleavage reaction by CYP11A1, producing pregnenolone [75].
CYP11A1 can also act on ergosterol, the membrane sterol of fungi and the vitamin D2
precursor [76, 77], which differs from cholesterol in that it has additional double bonds
between C7-C8 and C22-C23 as well as a methyl group at C24. In this case no cleavage of
the side chain occurs and the major products are 20-hydroxy-22,23-epoxy-22,23-
dihydroergosterol and 22-keto-23-hydroxy-22,23-dihydroergosterol [77]. CYP11A1 can
also act on the vitamin D3 precursor, 7-dehydrocholesterol (7DHC). The pathway for side-
chain cleavage is analogous to that for cholesterol with the product being 7-
dehydropregnenolone (7DHP) [73, 78, 79] (Fig. (6)). Endogenous production of 7DHP and
its subsequent metabolism by other steroidogenic enzymes is illustrated by the finding of a
number of 7-dehydro steroids in the urine of Smith-Lemli-Opitz syndrome patients which
have elevated 7-dehydrocholesterol levels due to a partial deficiency in the enzyme that
converts this sterol to cholesterol [80]. Finally, CYP11A1, as demonstrated for both the
bovine [79, 81–83] and human enzymes [61, 84], can act on vitamin D3 catalyzing multiple
hydroxylation reactions without any cleavage of the side chain. The major product is 20-
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hydroxyvitamin D3, with 20,22-dihydroxyvitamin D3, 20,23-dihydroxyvitamin D3, 17,20-
dihydroxyvitamin D3 and 17,20,23-trihydroxyvitamin D3 also being produced. Similarly,
CYP11A1 can metabolize vitamin D2 with the major products being 20-hydroxyvitamin D2,
17,20-dihydroxyvitamin D2 and 17,20,24-trihydroxyvitamin D2 [85, 86].

B. Local Steroidogenesis in the Skin with its Potential Implication for Carcinogenesis
Sex Hormones—Skin can be defined as the largest steroidogenic organ in term of mass,
with a level of steroidogenic activity dependent on the nature, amount and spatial and
cellular locations of final products [7, 10]. It produces sex hormones from
dehydroepiandrosterone (DHEA) and DHEA-sulfate (DHEA-S) or androstenedione, which
are either of systemic origin or synthesized locally [7, 87–91]. This process involves
transformation of DHEA into 4-androstenedione and 5-androstene-3β,17β-diol, and of their
further transformation with production of testosterone and 5α-dihydrotestosterone (DHT)
[87, 91–95]. Furthermore, cutaneous fibrocytes/fibroblasts and adipocytes convert
testosterone into estradiol, while keratinocytes can transform reversibly 17-estradiol into
estrone. Both estrogens and androgens that are produced locally have a profound effect on
the phenotype and function of the skin and its adnexal structures [87–89, 91, 95–100]. They
also can regulate the skin pigmentary system [11, 101, 102]. It must be noted that skin with
its subcutaneous fat represents a significant source of estrogens for systemic use, which is
extremely important after menopause, and which is an example of the endocrine activity of
this organ [7, 87, 88, 97].

There are indications for a role of locally produced/activated sex hormones in cutaneous
carcinogenesis including non-melanoma [103–105], and melanocytic tumors [106–114].
However, the exact mechanism of estrogens or androgens involvement is largely unknown.
This forms an exciting area of research to precisely define a role for locally produced
androgens and estrogens, or their intermediates or products of local modification, in
carcinogenesis and/or tumor suppression in a cell-type dependent manner. Filling this gap in
our knowledge would lead to the educated preclinical testing of specific androgen and
estrogen receptor(s) agonists or antagonists in therapy of local or disseminating non-
melanoma and/or melanoma skin tumors.

Corticosteroids—The skin is also a site of corticosteroids synthesis [72, 115]. We were
the first to demonstrate that skin cells express crucial genes of the corticosteroidogenic
pathway CYP11A1, CYP17 and CYP21A as well as the MC2-R gene encoding the ACTH
receptor [116] (Fig. (7)), (Table 1) and demonstrated functional activity of these and other
steroidogenic enzymes in the skin or skin cells [73, 98, 117–119]. Cutaneous steroidogenesis
can be initiated in the skin from cholesterol by the action of locally expressed CYP11A1
[73, 116, 120]. Pregnenolone can further be metabolized by cutaneous 3β-HSD [87, 90, 91]
with subsequent steps involving the metabolism of progesterone to deoxycorticosterone
(DOC) and 18-hydroxy-DOC, with final production of corticosterone [98, 117, 121, 122].
Human hair follicles [123, 124] and cultured normal epidermal melanocytes [122] and
dermal fibroblasts [121, 125] have the capability to produce cortisol, of which the final
identification was provided by liquid chromatography-mass spectrometry (LC/MS) analysis
[122, 125]. The above discovery of cutaneous cortisol production through a local
steroidogenic pathway was most recently confirmed by several other authors in skin cells in
vitro [126–128] and by us in skin biopsies maintained ex vivo [129]. Cutaneous production
of cortisol and the activity of the steroidogenic apparatus can be regulated by CRH, ACTH
and cAMP [122, 123], IL-1 and the wound response [126], and ultraviolet B and C radiation
[129]. In addition, skin cortisol can either be produced from 11-deoxycortisol by CYP11B1
or from cortisone by 11β-HSD1 [72, 126–128, 130]. Experiments performed on an
immortalized line of epidermal human keratinocytes, HaCaT cells, demonstrated a rapid
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metabolism of progesterone and DOC with production of several major steroidal products
with corticosterone, aldosterone and cortisol being below detectability[118], These cells
exhibited a high catalytic rate for the metabolism of progesterone with production of several
major products of which only DOC was identified [118], Interestingly they also transformed
DOC to 5α-dihydroDOC as well as to a number of additional species including
tetrahydroDOC (THDOC), 6-hydroxyTHDOC, 3α,21-dihydroxy-5-pregnen-20-one, 3β,21-
dihydroxy-5-pregnen-20-one, 3α,21-dihydroxy-4-pregnen-20-one and 6-
hydroxydihydroDOC [118]. The biological role of these compounds remains unclear.

Production of corticosterone and cortisol and of their precursors in the epidermis, dermis
and adnexal structures implicate a role for this endogenous steroidogenic pathway in skin
carcinogenesis. Specifically, cortisol and corticosterone will generate an immunosuppressive
environment allowing or facilitating malignant trans- formation or tumor progression. This
concept is supported by an increased risk of developing non-melanoma skin cancers
including squamous cell carcinoma in patients taking oral glucocorticoids [131] or patients
with rheumatoid arthritis treated with prednisone [132]. Similarly immunosuppression with
cyclosporine A plus prednisolone in cesium-137-irradiated Ptch1+/− mice increased the
incidence of basal cell carcinoma [133]. A phenomenon of increased incidence of epidermal
skin cancers in immunosuppressed patients with organ transplants is well documented in the
medical literature [134,–135]. In addition, UVB, a main inducer of basal and squamous cell
carcinomas, stimulates cortisol production by human skin and co-cultured keratinocytes and
melanocytes [129] with predictable implications in local cancerogenesis. In addition to
immune cells, keratinocytes, melanocytes and fibroblasts express glucocorticoid and
minelarocorticoid receptors (reviewed in [7, 10]) making these cells a direct target for
regulation with implications on malignant transformation and tumor growth. For example,
oral steroid use is associated with a nearly 6-fold elevated risk of squamous cell carcinoma
among individuals with a common genetic variant in the steroid receptor (NR3C1) gene
[136]. Concerning melanomas, it has to be noted that human melanoma cells showed
progressive transformation of progesterone to DOC, 18-hydroxy-DOC and corticosterone,
[117], in addition almost all melanomas tested by us express CYP11A1 with detectable
production of pregnenolone [73, 137]. Thus an endogenous steroido- genic activity may
facilitate melanoma growth and metastasis through generation of a local immunosuppressive
environment. However, this process can be more complex since melanomas expressing
glucocorticoid receptors are inhibited by exogenous glucocorticoids [138, 139]. Also,
delivery of glucocorticoids in liposomes to mice bearing B16 melanoma inhibited the tumor
growth [140, 141]. Thus, the role of glucocorticoids in melanoma growth can be dual, e.g.,
they can inhibit growth of tumors when pharmacological doses are applied, and they may
facilitate tumor growth when endogenously produced by the tumor through modification of
its environment. This calls for careful clinic-pathological analyses of skin specimens with
cancer, melanocytic tumors and melanoma for changes in expression of glucocorticoid and
minelarocorticoid receptors on one hand and steroidogenic enzymes on the other. In our
assessment the interactions between steroids and skin tumors, melanoma in particular, would
be nonlinear. For example, increased expression of proopiomelanocortin (POMC) with
products of its processing ACTH, MSH and β-endorphin is seen in skin pathology [8, 142,
143], melanoma in particular [11, 144, 145], where there is a positive correlation between
POMC expression and tumor progression [145, 146]. Of note, POMC derived α-MSH
stimulates melanocyte proliferation, inhibits apoptosis and acts as a powerful
immunosuppressor [147, 148], identifying it as a possible tumor progression promoting
factor [11]. In this context it is worthy to mention that glucocorticoids inhibit POMC
expression.

7-Hydroxylationhy—7-Hydroxylation is an ancient pathway of sterol metabolism which
can be traced down to prokaryotic organisms [149]. In humans the reaction involves the
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enzymatic hydroxylation of the B ring of 3β-hydroxysterols including cholesterol,
pregnenolone, dehydroepiandrosterone (DHEA), androstane-3β,17–β-diol, and testosterone
[149–151]. The major enzyme responsible is 7α-hydroxylase (CYP7A1) which participates
in a pathway that eventually leads to bile acid production. In the case of CYP7A1
deficiency, bile acids are produced by an alternative pathway by reactions catalyzed by
CYP27A1, and the 7-hydroxylase activity of CYP7B1 [149, 152]. The third enzyme with
7α-hydroxylase activity is hepatic CYP39A1. Interestingly, 7-dehydrocholesterol (7DHC)
might be also be a substrate for oxidation by CYP7A1 which leads to production of 7-
ketocholesterol, which is a potent competitive inhibitor of CYP7A1, and toxic in liver cells
and is a major oxysterol in human atherosclerotic plaques and photodamaged rat retina
[153]. Thus, in addition to the malfunction of cholesterol synthesis, SLOS patients might
also have their bile acid synthesis pathway impaired [154, 155]. Interestingly, non-
enzymatic oxidation of the B-ring in sterols and steroids appears to be conserved and might
represent one of the first stress-generated signaling molecules in evolution [149, 156].
CYP7B1 is also involved in 7α-steroid hydroxylation in the brain, liver, intestine, kidney
and other organs [149, 157–160]. 7β-hydroxysteroids are converted to 7β-hydroxysteroids
through the enzymatic action of 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1)
[161–164], or possibly by other enzymes [165–167]. However, non-enzymatic conversions
between 7α-hydroxy, 7-oxo-intermediates and 7β-hydroxy metabolites are also possible
[149, 156]. In human tissues and body fluids 7α-hydroxy-, 7-oxo-, and 7β-hydroxysteroids
are detected.

7-hydroxysterols/oxysterols 7-hydroxysteroids are involved in the regulation of apoptosis
and immune functions, and they exert a variety of neural and endocrine effects [149, 168–
174]. In the brain, 7α-hydroxylation is the major metabolic pathway for
dehydroepiandrosterone (DHEA) inactivation. DHEA and pregnenolone were found to
promote synaptic plasticity and memory function and their oxidation or hydroxylation
stimulate these functions, because 7-oxoDHEA and 7-(OH)DHEA) show neuroprotective
activities and promote brain functions [149]. In addition, 7-hydroxypregnenolone can act as
a neural activator and modulator of dopaminergic activity [157, 175, 176].

Our molecular analysis of RNA isolated from human skin cells shows that they do express
genes encoding 7-hydroxylases including CYP7A1, CYP7B1 and CYP39A1 (Fig. (7C–E)).
This provides strong support for the hypothesis that 7-hydroxy/oxy- derivatives of steroids
or sterols are produced in the skin locally in order to regulate cutaneous homeostasis.
Concerning cutaneous carcinogenesis, 7-hydroxylations could regulate local concentrations
of steroids by diverting steroidogenic metabolism into 7-hydroxyderivatives with modifying
effects on local tumorogenesis. 7-hydroxy/oxy- derivatives of steroids could interact with
classical steroidal receptors expressed on normal and malignant skin cells, or interact with
specific receptors yet to be identified. They could also act in a receptor-independent manner
through modification of intracellular redox status. Finally, 7-hydroxycholesterol is a ligand
for the retinoic acid orphan receptor (ROR)α and γ [177], and both RORα [49, 178, 179]
and γ (Slominski et al., unpublished) are widely expressed in the skin. The reciprocal
interaction between 7-hydroxy/oxy- derivatives of sterols or steroids with RORα and γ
represent an exciting area for exploration, because these receptors regulate expression of
CYP7B1 and of sulfotransferases and they can act as “tumor suppressors” [180].

4. VITAMIN D3 ACTIVATION AND INACTIVATION IN THE SKIN
A. Enzymes Involved in Activation and Inactivation of Vitamin D3 in the Skin

Under physiological conditions the skin is a natural source of at least 90% of the vitamin D
in humans. 7-Dehydrocholesterol (cholesta-5,7-dien-3β-ol, 7-DHC) is a key substrate for
production of both cholesterol and UVB-driven production of vitamin D3. Photolysis of the
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B-ring of 7DHC takes place in keratinocytes of the base layer of the epidermis. This
nonenzymatic reaction is triggered by UV-B radiation (290 to 320 nm wavelength) and leads
to formation of previtamin D3, which further isomerizes to vitamin D3, tachysterol3 (T3)
and lumisterol3 (L3) [181]. From the skin, vitamin D3 (also known as cholecalciferol) is
transported into the circulation by a mechanism for which the full nature still remains to be
established [182]. It binds to the vitamin D binding protein for transport to multiple target
organs. Vitamin D3 itself is not fully active and requires further enzymatic modification by
hydroxylation at position 25 in the liver by vitamin D3 25-hydroxylases (primarily
mitochondrial CYP27A1 or microsomal CYP2R1) and 1α-hydroxylation in kidneys by
25(OH)D3 1α-hydroxylase encoded by CYP27B1. To date six cytochrome P450 family
members have been reported to catalyze the initial 25-hydroxylation. These are CYP27A1,
CYP2R1, CYP2J2/3, CYP3A4, CYP2D25 and CYP2C11[183]). Interestingly, CYP3A4 has
a higher affinity for 1α(OH)D3 and 1α(OH)D2 compared to parental vitamin D3 and D2.
Moreover, this cytochrome also exhibits both vitamin D 25-hydroxylase and 24-hydroxylase
activities under high concentration of substrate [184], which may cause fast clearance of
therapeutic doses of vitamin D [183]. Unlike CYP27A1, it can 25-hydroxylate vitamin D2
as well as vitamin D3. CYP27A1 displays the highest maximum velocity for vitamin D3
metabolism of all the 25-hydroxylases characterized to date [185]. Finally, two bacterial
enzymes have also been found capable of vitamin D 25- and 1α-hydroxylation, CYP105A1
and CYP107BR1 [186].

Expression of vitamin D-metabolizing cytochromes P450 is not restricted to classical organs
(kidneys and liver) and other organs including skin also express the fully functional
machineries for vitamin D activation [187, 188]. This is exemplified by human keratinocytes
and sebocytes where expression of CYP27A1 and CYP27B1 has been detected [189–192]
and by the efficient conversion of vitamin D3 to 1,25(OH)2D3 (calcitriol) demonstrated in
keratinocytes [190, 193, 194]. It has to be noted that one study using CYP27B1 null mice
reported that the renal cortex may be the sole source of 1,25(OH)2D3 synthesis in mice
under physiological conditions, because the promoter of CYP27B1 fused with β-
galactosidase gene was inactive in the skin and other extrarenal tissues [195]. This might be
due to differential regulation of the expression of CYP27B1 outside kidneys. Expression of
the 25-hydroxylase, CYP2R1, was detected in a dermal fibroblast cell line (BJ strain) along
with efficient conversion of 1(OH)D3 to 1,25(OH)2D3 [196]. Different skin cell populations
such as keratinocytes, melanocytes and sebocytes were found to express several variants of
CYP27B1. Expression and alternative splicing of CYP27B1 in HaCaT keratinocytes was
found to be regulated by UV, cell density and calcium with differentiation signals inhibiting
expression of CYP27B1, and UV inducing alternative splicing in a dose dependent manner
[197]. The expression of CYP27B1 was not detected in three of five basal cell carcinoma
cell lines (BCC), but the pattern of splicing variants was not affected in the remaining two
cell lines in comparison to normal skin [198]. It was suggested that expression of CYP27B1
decreases in BCC. On the other hand quantitative analyses revealed that RNA levels for
VDR, CYP27A1, CYP27B1, and CYP24A1 were significantly elevated in cutaneous
squamous cell carcinoma (SCC) as compared to healthy skin [199]. Alternative splicing of
CYP27B1was also investigated in melanoma cells [197, 200–202]. The level of CYP27A1
and CYP27B1 was not elevated in melanoma cell lines studied but 1,25(OH)2D3 treatment
did result in a change in the expressional pattern of CYP27B1 in SkMel28 melanoma [202].
Moreover, constitutive overexpression of CYP27B1 in melanoma was not regulated by
1,25(OH)2D3 or 25(OH)D3 in contrast to renal 1α-hydroxylase [200]. Similarly, our testing
for the expression of genes encoding 25-hydroxylases (CYP27A1 and CYP2R1), 1α-
hydroxylase (CYP27B1), 24-hydroxylase (CYP24A1), P450scc (CYP11A1) and VDR
showed considerable variation between the different melanoma lines without a specific
pattern [137, 203]. Interestingly, recent studies have revealed a positive correlation between
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a decrease in CYP27B1 expression and melanoma progression to more advanced stages as
well as increased mortality [203].

The final product of vitamin D3 activation, 1,25(OH)2D3 is the fully active form of vitamin
D3, but is not stable in the serum, with a half-life less than 18 hours. Its concentration is
tightly controlled by 24-hydroxylase (CYP24A1). The 24-hydroxylase inactivates not only
1,25(OH)2D3 but also its precursor 25(OH)D3 and potentially other secosteroids. In the
skin, 1,25(OH)2D3 negatively regulates its own level but in contrast to the kidney it is
mainly achieved by stimulation of CYP24A1and not by inhibition of CYP27B1, which may
explain why the 1,25(OH)2D3 produced in the skin does not enter the circulation efficiently.
The expression of CYP24A1 was found to be tightly regulated by 1,25(OH)2D3 in
melanomas sensitive to secosteroids in contrast to resistant ones. Because CYP24A1 is a
major target of VDR activation, this phenomenon was explained by a disturbance of VDR
signaling in secosteroid-resistant melanomas [200]

B. Potential Role of Enzymes Involved in Metabolism of Vitamin D3 in Skin
Cancerogenesis

Vitamin D plays an essential role in cancer prevention, which is achieved both by adequate
synthesis of vitamin D in the skin or proper oral supplementation, and its metabolism by 25-,
1α- and 24-hydroxylases belonging to the cytochrome P450 family [182, 187, 204, 205]
(Fig. (8)). Thus, single nucleotide polymorphism (SNP) and other genetic or epigenetic
factors related to the expression or activity of this enzymatic machinery may influence
development and/or subsequent resistance of skin cancers. So far, the best documented is the
correlation between the vitamin D receptor (VDR) and cancer development including skin
cancer [204, 206]. Both the expression and multiple SNPs in VDR modulate cancer
susceptibility and this subject was reviewed recently in [204, 207].

Although VDR appears to be a master regulator of the expression of CYPs involved in
vitamin D metabolism at the systemic level, in the skin expression of CYP27A1, CYP27B1
and CYP24A1 can be regulated differentially. Also the VDR SNPs in skin cancer
development including melanoma and none-melanoma skin cancers have been evaluated by
several groups and the relationship between specific SNPs and melanoma was confirmed
(for recent review see [207]). The best studied are rs10735810 (T>A at FokI), rs1544410
(G>A at BsmI) and rs731236 (T>C at TaqI). For instance, rs10735810 A allele (FokIf allele)
[208, 209] and rs1544410 A allele (BsmIb allele) [210] act as the risk alleles, while
rs731236 C allele (TaqIt allele) has been identified as the protective allele [211] (see [207]
for further discussion). A similar correlation was found between FokI, BsmI, TaqI and ApaI
SNPs of VDR and the occurrence of BCC [212]. On the other hand, it has to be noted that
other studies did not find statistically significant correlations of selected SNPs of VDR
(rs757343, rs731236, rs2107301, rs7975232) in melanoma [213]. There is a shortage of
information on involvement of SNPs in other genes encoding cytochrome P450 enzymes in
development of skin cancer. A significant decrease in oral cancer susceptibility was found in
individuals with a heterozygous genotype of the CYP24A1 gene (rs2296241) in comparison
with the homozygote [214]. On the other hand, a recent study [213] on a group of 305
patients with histopathologically confirmed melanoma found no correlation between SNPs
in CYP27B1 (rs4646536), CYP24A1 (rs927650), vitamin D binding protein VDBP
(rs1155563, rs7041) and melanoma risk [213]. Other studies indicated an association of
CYP24A1 SNP (rs2248137) with lower vitamin D levels, and the CYP2R1 SNP
(rs10766197) was linked to asthma [215]. Another study confirmed association between
three SNPs in CYP27B1 and multiple sclerosis [216]. The presence of specific SNPs in VDR
and CYP27A1 were associated with the risk of lethal prostate cancer [217]. Others have
demonstrated that one particular SNP in CYP27B1 was correlated with overall colon cancer
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occurrence and three CYP24A1 polymorphisms with the risk of distal colon cancer [218,
219]. It has to be underlined that detailed studies on the influence of SNPs in CYP450s
expression on vitamin D status in skin cancer remain to be performed.

Alternatives splicing is the powerful mechanism of posttranslational regulation which may
generate multiple isoforms of proteins with unique functions. In recent years several splicing
variants of CYP27B1 have been described in normal keratinocytes [197], and cell lines
derived from BCC [198], SCC [199] and melanoma [200, 201, 220] patients. Nevertheless,
the pattern of isoforms did not change when normal cells and malignant cells were
investigated; however, quantitative analysis for each isoform was not performed.

Although, the presence of VDR and CYP27B1 was found to be essential for the production
and release of 1,25(OH)2D3 into the circulation and regulation of calcium homeostasis,
mice lacking CYP27B1 do not develop alopecia and are not prone to UV induced skin
tumorigenesis as they do for VDR null mice [195, 204]. This discrepancy is either due to
regulatory actions of VDR independent on the presence of the ligand [204, 221], or the
action of previously unrecognized but locally produced ligands. Examples of the latter could
be the novel vitamin D3 derivatives produced by the action of CYP11A1 [73, 81, 82], and
which are endogenously produced in keratinocytes [84].

Local metabolism of vitamin D and its analogs in the skin may modulate skin pathology,
cancerogenesis and responses of cancer cells to the treatment. The level of expression of
vitamin D metabolizing cytochromes P450 might be a prognostic factor which would help to
establish potential sensitivity of cancer cells before treatment with vitamin D and its
analogs. For example, expression of CYP27B1 decreases during progression of melanocytic
lesions [203]. Although such a trend was not seen in the case of CYP24A1 [220], it is likely
that vitamin D related cytochromes P450 represent realistic targets for anticancer therapy.
For instance, while 1,25(OH)2D3 was found to inhibit growth of several cancer cell lines
including melanomas (for recent review see [207]), the beneficial effects could be attenuated
by high levels of CYP24A1 [222]. Thus, application of selective CYP24A1 inhibitors [223,
224] may substantially increase and extend the effects of treatment with vitamin D or its
analogs. Moreover, CYP3A4, well known as a detoxifying enzyme, possess 24/25-
hydroxylase activity and may also inactive vitamin D analogs, especially when therapeutic
concentration are used [225]. Thus, use of specific CYP3A4 inhibitors [226] may enhance
the efficiency of treatment with vitamin D and its analogs. It has to be noted that some short
side-chain vitamin D analogs have been successfully tested against melanoma [207, 227–
229] and their biological activity should not be modified by CYP24A1 nor CYP3A4.

Novel very interesting frontiers in vitamin D research might concern microRNA. Recent
studies revealed that the amount of CYP24A1 mRNA in cancer cells might be regulated
post-transcriptionally by miR-125b as a decrease in miR-125b levels in breast cancer
resulted in overexpression of CYP24A1. This phenomenon could be exploited in potential
melanoma therapy by vitamin D3 or its analogs, by using antisense oligonucleotides for
miR-125b to decrease the level of CYP24A1 [230, 231]. Another microRNA, miR-21, was
found to target the vitamin D-dependent antimicrobial peptides (CAMP and DEFB4A) in
leprosy and this was mediated by direct downregulation of Toll-like dependent expression of
CYP27B1 and IL1B [232]. Because, overexpression of miR-21 was detected in many
human tumors and was found to facilitate metastasis, it is likely that this microRNA might
represent an additional target in melanoma prevention and treatment with vitamin D analogs,
which are activated by CYP27B1. Of note, inhibition of miR-21 was found to sensitize cells
to vitamin D induced apoptosis [233, 234].
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Summarizing, vitamin D hydroxylases which belongs to the cytochrome P450 family are
essential elements responsible for activation and inactivation of vitamin D and it analogs.
Their expression is altered in many cancers including melanoma where levels of CYP27A1
and CYP27B1 decrease while CYP24A1 increases. The potential mechanisms may involve
occurrence of specific SNPs or modulation of expression by microRNA or other epigenetic
factors which result in a depleted pool of endogenous 1,25(OH)2D3 and decrease the
efficiency of therapeutic use of 1,25(OH)2D3 and its analogs. Thus, expressional analyses of
selected cytochromes P450 may help in development of melanoma therapy based on vitamin
D analogs. microRNAs are also new, but very promising targets for melanoma therapy in
combination with the use of vitamin D analogs.

C. Novel P450scc Activated Secosteroidogenic Pathway and it Putative Role in
Cancerogenesis

As already mentioned above, CYP11A1 hydroxylates vitamin D3 in a sequential manner at
positions C20, C23 and/or C22 and C17 (Fig. 8)) to produce several hydroxyderivatives with
20(OH)D3 acting as the first and main metabolite that can detach from the catalytic site of
the enzyme [79, 81–83]. Additional important metabolites are 20,23(OH)2D3,
20,22(OH)2D3, 22(OH)D3, and 17,20,23(OH)3D3, with minor products represented by
17(OH)D3, 23(OH)D3 and 17,20(OH)2D3 [82, 83]. Some of these products can be
hydroxylated by CYP27B1 to produce 1α-hydroxyderivatives [235, 236] while 20(OH)D3
can also be hydroxylated by CYP27A1 to produce 20,25(OH)2D3 and 20,26(OH)2D3 [185].
Also 1(OH)D3 is transformed by CYP11A1 to 1,20(OH)D3 [237]. We also found that ex
vivo vitamin D3 can be metabolized to 20(OH)D3, 22(OH)D3, 20,23(OH)2D3,
20,22(OH)2D3, 1,20(OH)2D3, 1,20,23(OH)3D3 and 17,20,23(OH)3D3 in the placenta,
adrenal glands and keratinocytes, and we detected the predominant metabolite [20(OH)D3]
in human serum with a relative concentration about 1/20th that of 25(OH)D3 [238].
Concerning vitamin D2 metabolism we have found that CYP11A1 hydroxylates it
sequentially producing 20(OH)D2, 17,20(OH)2D2 and 17,20,24(OH)3D2 [85, 86].
Importantly, we have established chemical routes for synthesis of some of these analogs
[239, 240].

We also found that CYP11A1 in vitro and in placenta and adrenal glands ex vivo as well as
in epidermal keratinocytes can metabolize 7DHC to 7DHP with 22(OH)7DHC and
20,22(OH)2 7DHC serving as intermediates [73, 78, 241]. 7DHP undergoes further
metabolism with production of 7-dehydroprogesterone and hydroxy-7DHP and potentially
to other 7Δ-hydroxysteroids through existing steroidogenic enzymes [73, 78, 241]. These,
when exposed to UVB can be converted to androsta-calciferols (aD) and pregna-calciferols
(pD), i.e. vitamin D compounds with a short or absent side chain [227, 229, 242] (Fig. (9)).
In addition, 5,7-diene, 3β-hydroxyandrosta-5,7-diene-17β-carboxylic acid (17-COOH-7DA)
was discovered during synthesis of 21(OH)7DHP and it showed high antiproliferative
potency, without toxicity [243].

Novel vitamin D hydroxyderivatives and 7Δ-hydroxysteroid show potent biological activity.
P450scc-derived vitamin D hydroxyderivatives show anti-proliferative and pro-
differentiation activities in a cell-type restricted fashion that is dependent on the length of
the side chain [78, 83, 137, 239, 240, 244–254]. These compounds also express anti-cancer
activities including on malignant melanoma. In the epidermis, 20(OH)D3 and
20,23(OH)2D3 stimulate the keratinocyte differentiation program and inhibit cell
proliferation and NF-κB activity, being as potent as 1,25(OH)2D3. They act through the
VDR [254], however, as partial receptor agonists, since unlike 1,25(OH)2D3, they only
weakly stimulate CYP24 expression [78, 239, 244, 245].
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As tested by Drs Chen and Holick, 20(OH)D3 at a doses as high as 3.0 μg/kg had no
calcemic activity in rats whereas 1,25(OH)2D3 at lower doses raised calcium to 16.0 ± 1.2
mg/dL [228]. Importantly, addition of a 1α-hydroxyl group to 20(OH)D3 induced calcemic
activity [228]. We repeated this testing and administered 20(OH)D3 doses as high as 30 μg/
kg to C57BL/6 mice daily for 14 days and found no significant differences in sera Ca+2

levels compared to control mice and a lack of toxicity determined by serum chemistry and
histological analyses of heart, liver, spleen and kidney [253]. Furthermore, 17,20(OH)2pD
[251] and 20,23(OH)2D3 [255] are non-calcemic least up to 3 μg/kg. This lack of toxicity
and relatively high biological activity of novel vitamin D derivatives make them excellent
candidates for therapy or adjuvant therapy of different cancers including melanoma.
Interestingly, 5.7-dienal precursors of secosteroids also show anti-proliferative and anti-
melanoma activities [78, 227, 228, 241].

5. CONCLUDING REMARKS AND FUTURE PERSPECTIVE
Skin cancers represent a significant clinical problem affecting a large segment of the
population. Squamous and basal cell carcinomas represent the most frequent
environmentally induced cancers, while malignant melanoma, a deadly skin disease, is the
sixth most common cancer in the USA. The current lifetime risk in the USA for developing
invasive melanoma is 1 per 57 individuals. There are also other lethal skin cancers including
Merkel cell carcinoma and sarcomas of which the incidence is rising. Recent advances in
skin biochemistry show that this organ can produce and metabolize steroids, secosteroids
and melatonin. Normal and malignant skin cells also express the corresponding receptors
which mediate the regulatory activities of sex hormones, corticosteroids, secosteroids,
melatonin, hydroxycholesterols and potentially 7-hydroxy-steroids/cholesterol. Therefore,
the activities of cytochrome P450 enzymes involved in the production, activation or
inactivation of the above endogenous products define the local chemical environment which
may facilitate or suppress cutaneous carcinogenesis (Fig. (10)). Accordingly, the expression
levels of these P450s may represent markers of skin pathology. Furthermore, such enzymes
represent a realistic target for pharmacological modification trough topical application of
small molecules to produce local anti-tumorigenic factors. The preferred targets are
CYP11A1, CYPs involved in the metabolism of vitamin D3 and CYPs regulating
steroidogenic activity. Novel and promising molecules for prevention or therapy of skin
cancer are the recently discovered non-calcemic secosteroids derived from the action of
CYP11A1, and phylogenetically old molecules such as melatonin and its metabolites
including AFMK. The challenge is to define their interaction with their classical receptors
(VDR and MT) or with other receptors yet to be identified.
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Fig. (1).
Basal cell carcinoma (low magnification: A, high magnification: B) and squamous cell
carcinoma (low magnification: C, high magnification: D). Basal cell carcinoma is
characterized by basaloid islands with prominent cleft artifact and abnormal surrounding
stroma. Squamous cell carcinoma is characterized by keratin pearls, atypia of keratinocytes
and infiltrative features. Pictures were taken and processed with an Aperio Imaging System.
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Fig. (2).
Melanoma. Melanoma in situ (A). This is a proliferation of atypical melanocytes along
dermal-epidermal junction in sun damaged skin. Melanoma in radial and vertical phases of
growth (superficial spreading type; high magnification: B, low magnification: C). This is a
proliferation of nested atypical melanocytes with dusty melanin centered primarily along the
dermal-epidermal junction with some melanocytes extending to the papillary dermis.
Melanoma in the vertical phase of growth (nodular type, D). This is a dermal proliferation of
nested atypical melanocytes. Pictures were taken and processed with an Aperio Imaging
System.
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Fig. (3).
Vascular and pseudovascular lesions. Lobular capillary hemangioma (A). This lesion is
composed of vessels in benign stroma surrounded by epidermal collarette. Angiokeratoma
(B). This lesion has prominent acanthosis and hyperkeratosis. Hemorrhagic dermatofibroma
(C). This lesion is composed primarily of dermal dendrocytes and has some extravasated
blood within its boundaries. Kaposi’s sarcoma (D). This tumor is characterized by vessels
lined by atypical endothelial cells dissecting collagen fibers. Pictures were taken and
processed with an Aperio Imaging System.
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Fig. (4).
Soft tissue lesions. Solitary fibrous tumor (low magnification: A, high magnification: C).
This is relatively well delineated tumor that consists of spindle cells in “patternless” pattern.
Fibrosarcoma (low magnification: B, high magnification: D). This is also a relatively well
delineated tumor that consists of spindle cells in herringbone pattern. Pictures were taken
and processed with an Aperio Imaging System.
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Fig. (5).
CYP11A1 mediated metabolism of cholesterol 22R-hydroxylation changes stereochemical
descriptors at C-20 (see recommendations of IUPAC-IUBHy on vitamin D nomenclature
[256]).
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Fig. (6).
CYP11A1 mediated metabolism of 7-dehydrocholesterol. 22R-Hydroxylation changes
stereochemical descriptors at C-20 (see recommendations of IUPAC-IUB [256]).
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Fig. (7).
RT-PCR of the cytochrome gene products in human cell lines: A) CYP17A; B) CYP21A2
C) CYP7A1; D) CYP7B1; E) CYP39A1. RT-PCR was performed using primers listed in
Table 1 following methodology described before [81, 257]. Briefly, the following program
was used: initial heating at 95°C for 3 min, followed by 30 cycles of 94°C for 30s, 55°C for
40s, 72°C for 40s. Products of CYP7B1, CYP39A1 and CYP17A amplification were
visualized by agarose gel electrophoresis. Products of CYP7A1 and CYP21A2 amplification
were diluted 40 times with water and used as the templates for the nested round of
amplification using same program and also visualized on anagarose gel. The products were
sequenced and they showed 100% homology with the corresponding genes. Location of
samples on gels A and B: DNA ladder (M), immortalized epidermal keratinocytes (HaCaT)
(1), normal human epidermal keratinocytes (HeKa) (2), immortalized human epidermal
melanocytes (Pig1) (3), primary human epidermal melanocytes (HeM) (4), dermal
fibroblasts (5), squamous cell carcinoma (C1–4) (6), and SKMELl188 (7), SBCE2 (8),
WM35 (9), WM98 (10), WM164 (11), WM1341 (12) melanoma lines, subcutaneous
adipose tissue (13). Location of samples on the gels C, D and E: DNA ladder (M), HeM
melanocytes (1), fibroblasts (2), C1–4 cells (3), SKEMEL188 (4), SBCE2 (5), WM35 (6),
WM98 (7), WM164 (8), WM1341 (9), HaCaT keratinocytes (10), HeKa keratinocytes (11).
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Fig. (8).
Classical (upper portion) and non-classical (CYP11A1-initiated) pathways of vitamin D
activation and metabolism.
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Fig. (9).
UVB-induced production of pregna- or androsta-secosteroids with short or absent side
chain.
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Fig. (10).
Cytochromes P450 are the guardians of the key metabolic pathways, including:
steroidogenesis, secosteroidogenesis, melatonin synthesis. The loss of their proper function
by genetic and epigenetic factors results in destabilisation of internal homeostasis that
eventually leads to cancer progression.
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Table 1

Primers used for the RT-PCR.

Gene Primer Name Primer Sequence Primer Location Fragment Size, bp

CYP7A1
P404 first pair of primers

CATACCTGGGCTGTGCTCTG exon 2

P548 GTTTTCCATCATGCTTTCCGTG exon 3

CYP7A1
P404 nested primers

CATACCTGGGCTGTGCTCTG exon 2
215

P405 GTGCCCAAATGCCTTCGCAG exon 3

CYP7B1
P549 ACGGCAGAACTGTATCCATTC exon 2

396
P550 AAGATAATACATTGCCCAGAAC exon 3

CYP39A1
P551 ACAATGGACCTGAACAACTTAG exon 3

379
P552 CAGGAACAGCATTAGACAGAG exon 5

CYP17
P565 first pair of primers

CTCTAGACATCGCGTCCAAC exon 2

P566 GAAGCAGATCAAGGAGATGAC exon 3

CYP17
P587 nested primers

TCGCGTCCAACAACCGTAAG exon 2
222

P688 CATTGGTTACCGCCACGAAG exon 3

CYP21A2
P396 TGGAGGGACATGATGGACTAC exon 7

199
P397 CCTGCAGTCGCTGCTGAATC exon 8
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